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Abstract 
In this study, aeration leaching process of iron (Fe) from titanium oxycarbonitride (TiOxCyNz) produced by carbothermal reduction 
and nitridation of Malaysian ilmenite, in ammonium chloride (NH4Cl) solution was investigated. The reductant used for this 
study was a blend of Polystyrene (PS) and Mukah-Balingan coal from Sarawak and reduction temperature was 1200°C. 
Phase composition of reduced sample was analyzed using X-Ray Diffraction (XRD) and SEM/EDX. The leaching experiment was 
carried out for 4-6 hours. The final solid sample was analyzed by XRD and SEM/EDX analysis while the filtered solution was 
analyzed by ICP-OES. Design of Experiment (DOE) analysis was used to find out the optimum condition for the leaching of 
metallic Fe in NH4Cl solution. In this study, a full factorial design model was used to detect the interaction between the three 
parameters. A fully randomized factorial design, with various combinations of PS/Coal (C) weight ratio, leaching time, and amount 
of catalyst added was investigated. It was observed that the leaching time was the most important factor affecting the amount 
of Ti and Fe extracted. The results of the design showed that the percentage of Fe extracted reached up to 76.85% at leaching 
time of 6 hours, at PS/C ratio of 0.18 and using 1 wt.% of glucose catalyst. 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of School of Materials and Mineral Resources Engineering, Universiti Sains Malaysia. 
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1. Introduction 
Ilmenite ore is a major raw material for Titania pigment and titanium metal production. The chemical 
composition of ilmenite is iron titanium oxide, FeTiO3. The usual method that have been chosen to convert ilmenite 
to TiO2 pigment and Ti metal in the literature was carbothermal reduction of ilmenite1. Besides carburization, 
nitridation of ilmenite concentrates into Titanium Oxycarbonitride (TiOxCyNz) with H2-N2 gas mixture have been 
reported in the literature2. The conversion of titania to titanium oxycarbonitride was much faster in H2-N2 gas 
mixture, followed by a reduction in 100 vol. % N2 3. By nitriding the ilmenite and forming TiOXCYNZ, chlorination 
temperature could be reduced to below 500°C which lowers waste production4,5. The common carbon source used 
for reduction was coke and coal. Finding sustainable carbon source and reducing usage of coal has been a big 
interest among the metallurgy community. Work done by Zaharia (2009)6 have showed that waste polymers can be 
used to partially replace coke as the carbon source in reduction process, with significant savings in electricity and 
carbon usage. As carbon and hydrogen are the major constituents of waste plastics, these clearly have the potential 
to be used as an alternative to coke and coal in carbothermal reduction.  
Although Titanium (Ti) is well known for its superior physical and chemical properties such as low density, 
high strength, excellent corrosion resistance and ability to withstand extremely high temperature but the usage of 
titanium metals is limited because of its high production cost7. Production of Titania white pigments and titanium 
metal includes processing of titanium minerals to titanium tetrachloride and reducing to Ti metal via the Kroll 
process. The commercial chlorination process in the production of Titanium metal or Titania pigment requires 800-
1100 ºC. But the chlorination of TiOxCyNz produced from ilmenite can be implemented at 200-350ºC  5. Low 
temperature chlorination can improve efficiency of production of titanium tetrachloride and reduce waste 
generation. This makes chlorination of  TiOxCyNz an attractive technology in processing of titanium minerals5. 
However, Malaysian ilmenite has not been utilized so far for production of titanium commodities due to limited 
research. This ilmenite had high amount of iron, chromium, magnesium, silica and other impurities, which make the 
process to produce synthetic TiOxCyNz difficult. This paper aims to study the leachability of iron removed from 
TiOxCyNz produced in Malaysian ilmenite by using aeration leaching. 
2. Materials and methods  
The Malaysian ilmenite was supplied by Chee Ng Minerals Sdn. Bhd, Kampar, Perak. The raw materials used to 
synthesize TiOxCyNz in this study were Ilmenite, Mukah-Balingan Coal (Sarawak) and Polystyrene (PS). PS and 
Mukah-Balingan coal (C) with different ratio was used as carbon source in carbothermal reduction and nitridation 
(CTRN). Ilmenite ores and carbon source mixture was prepared via dry mixing condition to ensure the molar ratio 
was fixed at a carbon to reducible oxygen in the ilmenite at 2 (C/Oreducible). The Ilmenite was screened and sieve to 
particles sizes of 75 μm. The grounded sample was mixed with 2 types of carbon sources with 3 different ratio (15 % 
PS and 85 % Mukah coal), (25 % PS and 75 % Mukah coal) and (35 % PS and 65 % Mukah coal). CTRN was carried 
out in a horizontal tube furnace (Lenton tube furnace 1500ºC - England) with 50 vol. % H2 - 50 vol. % N2 gas mixture. 
The gas mixture flow rate was set to 1 L/minutes and allowed to flow until the temperature decreased to room 
temperature. After completion, the reduced samples were cooled down to room temperature in the same gas flow to 
avoid re-oxidation. For the isothermal reduction experiments, the heating and cooling rate were set to 5°C per minute 
respectively while the soaking time at 1200°C was 180 minutes. 
The unreduced and reduced samples were subjected to phase analysis and morphology characterization. The 
techniques employed include X-ray diffraction (Bruker D8-advance), X-ray Fluorescence (Rigaku Rix3000), 
Scanning Electron Microscopy (Leo Supra 35VP) coupled with energy dispersive X-ray analysis. The extent of 
reduction was calculated from weight loss of the reduced samples and oxygen analysis (TC-436DR). The extent of 
reduction (X) of Ilmenite was defined as the fraction of oxygen removed in the process of reduction of titania into titanium 
oxycarbonitride. Aeration leaching of nitrided ilmenite was carried out using a two-necked round flask with a magnetic 
stirring bar and a temperature-controlled magnetic hot plate. A plastic tube connected to a diaphragm pump was used 
to provide air to the reaction solution inside the vessel. 100 ml of 0.37M NH4Cl solution was added to the reaction 
vessel and then heated until 70ºC. A mass of 2.5 grams of nitrided ilmenite was added into the reactor. The experiment 
was carried out for 4-6 hours. The final solid sample was analyzed by XRD and SEM/EDX analysis while the filtered 
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solution was analyzed by Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) (Perkin Elmer 
Optima 4300 DV ICP System). DOE analysis was used to find out the optimum condition for the leaching of metallic 
Fe in NH4Cl solution in the range of this study.  
In this study, a full factorial design model was used to detect the interaction between the three parameters. A fully 
randomized factorial design, with various combinations of PS/C weight ratio, leaching time, and amount of catalyst 
added was investigated. Analysis of variance (ANOVA) was utilized to estimate the statistical parameters. The 
responses of the factorial design for the nitrided ilmenite showed the amounts of extracted Ti and Fe in solutions. The 
statistical effect of variables was calculated within 95% confidence interval. These designs of experiment have been 
done by utilizing Stat-Ease Design-Expert v.6.1 software.  
3. Results and discussion 
Table 1 shows the XRF result for the unreduced ilmenite. Table 1 shows the major elemental compositions in the 
sample were TiO2, Fe2O3, MnO, and SiO2 with the value of 54.31 weight percent (wt. %), 38.44 wt. %, 3.015 wt. % 
and 1.064 wt. %, respectively. These mineral compositions were considered high concentration due to its values more 
than 1 wt. %. From Table 1, the impurities in Malaysian ilmenite was significant when compared to ilmenite from 
other parts of the world.8 However, the main focus for this study was the reduction of TiO2 and Fe2O3 since both 
compounds were major constituents.  
 
                                               Table 1. X-ray Fluorescence (XRF) Analysis for raw sample of ilmenite. 
Chemical composition Percentage (wt. %) Chemical composition Percentage (wt. %) 
TiO2 54.31 MnO 3.02 
Fe2O3 38.45 As2O3 0.27 
MgO 0.08 Y2O3 0.09 
Al2O3 0.99 ZrO2 0.14 
SiO2 1.06 Nb2O5 0.47 
P2O5 0.16 SnO2 0.14 
SO3 0.1 WO3 0.1 
Cr2O3 0.22 PbO 0.11 
 
Figure 1 shows the XRD result of ilmenite before and after carbothermal reduction. Based on the analysis, the 
mineral content in the unreduced sample were found to be varied most from ilmenite, magnetite and hematite. The 
ICSD numbers for the ilmenite, magnetite and hematite detected were 98-004-8824, 98-001- 7267 and 98-003-5777 
respectively. From Figure 1, after CTRN, the intensity of Fe peak was higher than the peaks of TiOxCyNz and Ti3O5. 
It shows that iron oxides were reduced to metallic iron while titanium oxides were reduced to TiOXCYNZ and suboxide 
of Ti3O5. The relative intensity of Ti3O5 peaks indicated it was a minor phase due to incomplete reduction. Work by 
Mohamad Hanif (2014)9 showed that the C/Oreducible of 2 chosen for this work was not sufficient due to the present of 
Ti3O5 phases.  
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 1. XRD pattern of ilmenite sample before and after carbothermal reduction, Ilmenite -1, Hematite -2, 
Magnetite - 3, TiOxCyNz - 4, Fe - 5 and Ti3O5 - 6 
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Table 2 below shows the experimental runs of fully factorial design for 3 variables. The terms of A refer to the 
leaching time, B refers to the PS/C weight ratio and C referred to the amount of catalyst. The range for A, the lower 
level was 4 hours and the higher level was 6 hours. For B, the lower level was 0 whereas the higher level was 0.54, 
while for C, the lower level was 1 wt. % and its higher levels is 3 wt. %. By using 2k in full factorial mode, the number 
of experimental runs was 8 with the 3 factors defined above. However, another 3 replicate runs were added that has 
been designated as intermediate level, “0” yielding the total number of experimental runs of 11. The replicates are 
important to ensure reproducibility of statistical results. 
 
Table 2. Experimental runs of fully factorial design (FFD) for 3 variables. 
Run Leaching time (h) Carbone ratio (PS/Mukah Coal) Amount of catalyst (glucose) (wt %) 
1 - - - 
2 + - - 
3 - + - 
4 + + - 
5 - - + 
6 + - + 
7 - + + 
8 + + + 
9 0 0 0 
10 0 0 0 
11 0 0 0 
    
Parameters Code Unit # 0 +1 
Levels      
Leaching time A h 4 5 6 
Carbon ratio B PS/Mukah Coal 0 0.36 0.54 
Amount of catalyst C wt% 1 2 3 
 
The results of the factorial design for the leaching of nitrided ilmenite were shown in Table 3 in terms of amount 
of Ti extracted in solution and weight % of Fe extracted. The statistical effect of variables was calculated within 95% 
confidence interval. The amounts of extracted Tisolution were obtained from the ICP-OES technique. The lowest amount 
of Tisolution and % Fe extracted (XFe) in reduced sample were obtained in experimental run #3 and run #7. In contrast, 
the highest amount of Ti and Fe extracted were achieved at experimental run #2 and run #9, respectively. The 
perturbation plots in Figures 2 and 3 shows that the leaching time had the most significant effect on amount of Ti and 
Fe extracted compared to other variables. In other words, the leaching time can increase the amount of Ti extracted in 
solution from 0.0475 ppm to 3.169 ppm and the amount of Fe extracted (%) from 32.49 % to 75.30 % within the 
studied range. 
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Table 3. Results of full factorial design (FFD) 
Run No. 
Responses 
Extracted Ti in Solution 
(ppm) 
% of Fe (%), XFe 
1 0.08 32.49 
2 3.17 75.72 
3 0.06 23.43 
4 0.2 58.47 
5 0.23 38.93 
6 2.38 67.08 
7 0.79 19.2 
8 0.08 30.1 
9 1.03 83.01 
10 1.04 75.31 
11 1.04 71.19 
 
 
4. Conclusion 
Malaysian ilmenite has high amount of impurities which can affect CTRN and leaching. CTRN of Malaysian 
ilmenite showed that metallic iron, TiOxCyNz and Ti3O5 was formed. The presence of Ti3O5 indicated C/Oreducible 
was not sufficient for this study. Aeration leaching of nitrided Malaysian ilmenite was investigated in terms of leaching 
time, PS/C weight ratio and amount of glucose catalyst added. The leaching time was the most significant parameter 
that affected the amount of Tisolution and XFe from perturbation analysis. The lowest amount of Ti extracted in solution 
and XFe were obtained in experimental run #3 and run #7. The low magnitude was due to not sufficient reaction time 
in both runs. On the other hand, the highest amount of Tisolution and XFe were achieved at experimental run# 2 and run# 
9 respectively. The high XFe was attributed to enough leaching time. The responses of the DOE analysis showed that 
the XFe reached up to a maximum of 76.85% at a leaching time of 6 hours at 70°C with PS/C ratio of 0.18 and 1 wt. 
% of glucose catalyst. Further improvement in XFe was expected with higher temperature, leaching time and catalyst 
amount. 
Fig. 3. Perturbation plots for extracted % of Fe at low level for all 
factors. 
Fig. 2. Perturbation plots for extracted Ti in solution at low level 
for all factors. 
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